conversion from MCI to Alzheimer disease of up to 45% over 5 years have been reported in the literature. 1 However, patients with MCI and a lifetime history of MD have more than twice the risk of dementia than those without a history of depression. 7 Despite data detailing the substantial overlap between MCI and MD, the 2 syndromes are usually examined separately. In particular, studies examining MCI usually exclude individuals with clinically significant depressive symptoms or history of MD. Such an approach neglects to consider that shared underlying etiological pathways may lead to cognitive decline in these groups.
The pathophysiological mechanisms underpinning the association between MD, MCI and dementia are complex and currently unclear. However, a common risk factor for both MCI and late-life MD is cerebrovascular disease. 3, 7 Chronic, diffuse tissue ischemia resulting from vascular risk factors (VRFs) typically manifests as white matter hyperintensities (WMH) on T 2 -weighted magnetic resonance imaging (MRI) scans. 8 White matter hyperintensities are believed to reflect broad changes to white matter microstructure, and previous imaging research has shown that both MCI and MD are associated with increased WMH burden in comparison to healthy controls. 3, 8 White matter microstructure can be further analyzed using diffusion tensor imaging (DTI), an MRI technique used to examine the integrity of white matter tracts by measuring the diffusion of water through neural tissue. If water mobility is unrestricted in all directions, diffusion is described as isotropic. Conversely, if water mobility is restricted in any direction, diffusion is described as anisotropic. In the brain, anisotropy is created through the restriction of perpendicular movement by axon membranes and myelin sheaths in white matter tracts. 9 Fractional anisotropy (FA) is a quantitative index of diffusion derived from DTI and reflects the integrity of white matter microstructure. 10 Increased WMH burden, particularly in the periventricular and deep white matter, 3 and decreased microstructural white matter integrity measured using DTI 11 have led to a disconnection syndrome theory for the cognitive impairment seen in patients with MCI, MD and dementia. 12 Accordingly, a review of DTI studies in patients with MD showed a consistent reduction in FA of frontal and temporal white matter tracts compared with controls in region of interest (ROI) studies. 3, 11, 13 Further reductions in the occipital and right parietal regions, putamen and caudate have also been demonstrated in studies using voxel based analysis (VBA). 13, 14 Similar findings of decreased FA in frontal and temporal white matter have been demonstrated in patients with MCI without a history of depression. 11, 15 Importantly, the white matter changes seen in patients with MCI and MD parallel those reported in patients with Alzheimer disease and vascular dementia, though more severe and extensive disruptions are seen in patients with advanced disease. 11 These findings support the notion that cognitive impairment may be underpinned by white matter pathology in these patient groups. However, previous studies have examined FA locally using ROI analysis or globally using VBA techniques, which have inherent limitations and biases. Tract-based spatial statistics (TBSS) is a global analysis technique that overcomes the need for a priori hypothesis in ROI analyses and minimizes the effects of misalignment associated with VBA, making this analysis technique more robust and sensitive. 16 To our knowledge, no studies to date have concurrently compared the white matter microstructure of patients with MCI with no history of MD (MCI group) to patients with MCI and remitted late-life major depression (MCI-MD group). The aim of this study was to assess the microstructural integrity of white matter in these 2 MCI groups in comparison to age-matched healthy controls. For comparability with prior literature, we conducted these analyses with reference to information on VRFs, WMH and medical burden.
Methods

Participants
We recruited older adults with MCI or with MCI-MD from the Healthy Brain Aging Clinic at the Brain and Mind Research Institute (BMRI) in Sydney, Australia. All patients were attending this specialist early intervention clinic for new onset mood or cognitive problems. We recruited healthy control participants via community advertisement. Exclusion criteria were age younger than 50 years at the time of testing; suspected dementia; Mini Mental State Examination (MMSE) score < 24;
17 current DSM-IV major depression; history of neurologic or primary psychotic illness, stroke, head injury (with loss of consciousness > 30 minutes) or substance misuse; and medical contraindications to MRI scanning. The University of Sydney Institutional Ethics Committee approved our study protocol, and all participants gave written informed consent before participation.
Clinical assessment
Using a semi-structured interview, an old age psychiatrist recorded a full medical, clinical, psychiatric and medication history. For each participant, the psychiatrist used the Structured Clinical Interview for DSM-IV Disorders 18 to assess lifetime and current major depression and used the 17-item Hamilton Rating Scale for Depression (HAM-D) 19 to measure depressive symptoms. In addition, the psychiatrist rated psycho social functioning using the Social and Occupational Functioning Assessment Scale 18 (SOFAS) and severity of medical burden using the Cumulative Illness Rating Scale 20 (CIRS) total score. The following vascular risk factors were rated as being present (1) or absent (0): history of diabetes, history of treated or untreated hypertension, past or present smoking history, cardiovascular disease and elevated cholesterol. Each risk factor was given an equal weighting and summed to give a total risk value (range 0-5). 21 Medication use was also recorded.
As detailed elsewhere, 22 a standardized neuropsychological assessment was conducted for each participant by a clinical neuropsychologist. The assessment covered a range of domains, including attention, working memory, processing speed, verbal and visual learning and memory, language, and visuospatial and executive functioning. For reporting purposes, MMSE 17 was administered and premorbid intellect was estimated using the Wechsler Test of Adult Reading. 23 A clinical diagnosis of MCI was obtained using Petersen and Morris' criteria of cognitive decline of at least 1.5 standard deviations on neuropsychological tests relative to age-and (where available) education-adjusted normative data. 24 Per criteria, each participant was required to have subjective and objective cognitive decline, but with the preservation of gross functions (as reflected by a global deterioration score of 3). 25 The diagnoses of MCI were consensus-rated by an old age psychiatrist and 2 neuropsychologists based on clinical profile, neuropsychological assessment and with reference to structural MRI scans. The broad clinical definition of MCI was further categorized into amnestic MCI (aMCI) and nonamnestic MCI (naMCI) over single or multiple cognitive domains. 24 To be categorized as aMCI, participants were required to demonstrate clear evidence of deficits in memory consolidation (≥ 1.5 standard deviations), which was not considered to be due merely to poor encoding.
MRI acquisition
Imaging was conducted within 2 weeks of clinical assessment and took place at the BMRI imaging centre on a 3 T GE Discovery MR750 scanner (GE Medical Systems) using an 8-channel phased array head coil. The following images were acquired in order: (1) 
Tract based spatial statistics
After DTI acquisition, data were transferred offline for postprocessing using the FSL software package (FMRIB Centre). The DTI analysis was performed following the standard procedure for voxel-wise analysis of multi-subject diffusion data. 16 Briefly, raw DTI images were corrected for motion and eddy current distortions by applying an affine alignment of the diffusion-weighted image to the b = 0 image. The DTIFIT algorithm was then used to fit the tensor model and to compute the FA maps. The resulting FA maps were processed using TBSS to facilitate voxel-wise statistical analysis. All individual FA maps were nonlinearly registered to the FMRIB58 template and then spatially transformed into standard Montreal Neurological Institute space. 16 A mean white matter skeleton was generated based on the mean FA image of all participants, which was then thresholded by an FA value of 0.2 to limit the effect of misalignment across participants and reduce the likelihood of grey matter and cerebrospinal fluid inclusion in skeleton voxels. 16 Each participant's aligned FA image was then projected onto a mean FA skeleton, and voxel-wise group comparisons of FA values were conducted along the skeleton. In all cases the distribution was built up over 5000 permutations, and significance was tested at p < 0.05, corrected for multiple comparisons.
Visual rating of WMH
Visual rating of WMH was assessed on FLAIR images using the Fazekas rating scale. 26 Briefly, scores of 3 areas (periventricular, deep and subcortical white matter) were rated and an overall global rating (average of the 3 scores) was determined. Scores ranged from 0 (no WMH) to 3 (large confluent areas of WMH) in each area. The ratings were performed and consensus-rated by 2 scorers (S.D. and S.N.), one of whom has previously published work in this area. 27, 28 Raters were blind to the experimental group.
Statistical analysis
Data were analyzed using SPSS (version 20 for Mac). Comparisons between the MCI, MCI-MD and control groups were analyzed using 1-way analysis of variance (ANOVA) and the Scheffe post hoc test for contrasts. Sex and MCI subtype comparisons were analyzed using a χ 2 test. Associations between age at onset of MD, number of depressive episodes and FA in the MCI-MD group were conducted using Pearson correlations, and we applied Bonferroni correction for multiple comparisons. All analyses were 2-tailed and used an α level of 0.05.
Results
Participants
We enrolled 30 participants in the MCI group (mean age 68.1 ± 8.4 [range 52-82] yr), 36 in the MCI-MD group (mean age 64.6 ± 8.2 [range 52-82] yr) and 22 in the control group (mean age 64.3 ± 8.7 [range 50-84] yr). Participants with MCI were further categorized into aMCI (n = 21) and naMCI (n = 45) groups over single (n = 19) or multiple (n = 47) cognitive domains. 24 The demographic and clinical characteristics for this sample are presented in Table 1 . There was no significant difference in age, sex, years of education, depressive symptom severity (HAM-D) and premorbid IQ among the groups. As expected, MMSE scores were significantly lower in the MCI group and depression scores were significantly higher in MCI-MD group. In total, summed vascular risk factors did not differ significantly between groups. Chronic medical burden (CIRS total score) was greater in both MCI and MCI-MD groups than the control group; however, only the MCI-MD group reached statistical significance. Psychosocial functioning (SOFAS) was also significantly reduced in the MCI-MD group compared with the control group. The MCI and MCI-MD groups did not differ from one another in any of the demographic or clinical characteristics described. In addition, the proportions of patients having aMCI or naMCI subtypes did not significantly differ between the MCI and MCI-MD groups.
In total, 32 participants reported antidepressant use: 26 in the MCI-MD group, 4 in the MCI group and 2 in the control group. The reasons for antidepressant use in the MCI and control groups included the treatment of subthreshold depression (n = 4) and anxiety symptoms (n = 1) and the treatment of chronic pain (n = 1). Antidepressants included selective serotonin reuptake inhibitors (n = 13), serotonin noradrenaline reuptake inhibitors (n = 13), tricyclic antidepressants (n = 3), noradrenaline reuptake inhibitors (n = 1), monoamine oxidase inhibitors (n = 1) and noradrenergic and specific serotonergic antidepressants (n = 1). Furthermore, at the time of assessment 7 patients were taking a mood stabilizer, 7 were taking an adjunctive antipsychotic and 7 were taking benzodiazepines (2 on an as required basis).
All patients in the MCI-MD group reported an MDE in the 5 years preceding the study but were euthymic at time of testing (as per inclusion criteria). The mean age at onset of MD was 44.7 ± 17.7 (range 18-77, median 47.0) years, and the mean number of lifetime depressive episodes was 3.4 ± 4.2 (range 1-20, median 2). Twenty participants reported their first depressive episode before age 50 (early-onset depression; EoD) and 16 after age 50 (late-onset depression; LoD).
Diffusion Tensor Imaging
As shown in Fig. 1 and Table 2 , patients in the MCI group had significantly reduced FA in the splenium, body and genu of the corpus callosum, the bilateral SLF, the superior, anterior and posterior corona radiata bilaterally and the left posterior thalamic radiation compared with controls.
On the other hand, patients in the MCI-MD group had significantly reduced FA in the genu and body of the corpus callosum, bilaterally in the internal capsule, external capsule, anterior and superior corona radiata, posterior thalamic radiation, sagittal striatum, the fornix, SLF, uncinate fasciculus and the right cingulum compared with controls.
There were no significant differences in FA between the MCI and MCI-MD groups, and there were no regions where controls had significantly reduced FA in comparison to participants in the MCI or MCI-MD groups. Furthermore, there was no significant difference in FA between the aMCI and naMCI subgroups. In the MCI-MD group, age at onset of MD and number of MD episodes did not significantly correlate with FA values in any region analyzed. 
White matter hyperintensities
Compared with controls, participants in the MCI-MD group had significantly greater WMH burden on ratings of global severity and in the deep white matter. No significant differences were found between the MCI and MCI-MD groups, or between the MCI and control groups.
Discussion
To our knowledge, this study is the first to examine concurrently the microstructural integrity of white matter in patients with MCI with and without a history of MD. In comparison to healthy controls, we found that MCI (without lifetime depressive history) was associated with reduced FA in frontal and midbrain regions. Participants who had MCI and remitted MD also demonstrated this pattern and additional white matter changes in temporal regions. Furthermore, we found that in comparison to controls, participants in the MCI-MD group had significantly greater chronic medical burden and (visually rated) WMH burden, especially in the deep white matter, and impaired psychosocial functioning. Interestingly, we did not find any significant differences in white matter microstructure between the MCI and MCI-MD groups. From a clinical perspective, our finding of significantly reduced FA in major white matter tracts in patients with MCI and those with MCI-MD supports the hypothesis that brain disconnection plays a critical role in the pathophysiology of MCI. 29 We found significantly reduced FA in the splenium, body and genu of the corpus callosum; SLF; the superior, anterior and posterior corona radiata; and the left posterior thalamic radiation in the MCI group compared with the control group. These findings are aligned with those of previous studies that report significantly reduced FA in the hippocampus, genu and splenium of the corpus callosum; posterior cingulum; corona radiata; SLF; and frontal and temporal white matter of patients with MCI compared with controls. 11, 15 The only region that differs between our findings and previous ones is that of reduced FA in the posterior thalamic radiation. To our knowledge, no previous studies have found significantly reduced FA in the posterior thalamic radiation of patients with MCI; however, this finding is not surprising given that a recent resting-state functional MRI study reported significantly disrupted connectivity between the thalamus and several brain regions in patients with MCI. 
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Our study also demonstrated widespread areas of reduced white matter microstructural integrity in the MCI-MD group. In comparison with controls, patients in the MCI-MD group had significantly reduced FA in the same regions as patients in the MCI group; however, white matter integrity was also compromised in the internal and external capsule, sagittal striatum, the fornix, uncinate fasciculus and the right cingulum. Importantly, patients in the MCI-MD group also recorded significantly greater WMH and chronic medical burden than controls. Our findings are consistent with those of previous studies examining white matter microstructure in depressed patients, despite our patients being euthymic at the time of testing. Furthermore, we used a global analysis technique that did not require a priori hypotheses, further strengthening previous ROI and VBA findings. 14 Interestingly, we found no significant differences in white matter microstructure or clinical measures between patients in the MCI group and those in the MCI-MD group. Although in this small clinical sample we may have lacked power to detect subtle changes between these groups, this finding suggests that common structural brain changes may underpin at least some degree of cognitive impairment in both groups. Our findings are consistent with previous research showing topological alterations to white matter networks in patients with remitted late-life depression (R-LLD) and no MCI and those with aMCI. 31 Significant decrements in regional connectivity were shown in both patient groups compared with the control group; however, results showed altered connectivity characteristics between the posterior cingulate gyrus and prefrontal regions between the patient groups. While it is widely accepted that MCI is a predementia syndrome, 1, 6 it is unclear whether MD is an independent risk factor for or an early symptom of dementia. 4, 7 Certainly, our study shows that MCI, regardless of depression history, is associated with significant white matter pathology; however, we are unable to discern whether MCI in patients with and without a history of MD share the same etiological pathways. Differences in FA between patient groups and controls could be the result of changes in axon density, axonal diameter, myelination, the coherence of the fibre tract and localized water content, which could result from any number of different pathological processes. 9 In this study, the MCI-MD group had significantly greater WMH burden in the deep white matter than the control group, corroborating previous findings in MD cohorts 3 and suggesting that the white matter changes seen in the MCI-MD group may arise from microvascular origins. 8 This finding is clinically significant, as increased WMH burden is predictive of cognitive decline, functional disability, poorer longitudinal disease course and treatment resistance. 3 Our data also showed significantly impaired psychosocial functioning in the MCI-MD group compared with the control group, although MMSE did not differ significantly between these groups. Further research investigating the prognostic utility of WMH burden and FA abnormalities in this clinical sample would further enhance our findings.
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Surprisingly, VRFs did not differ significantly between patients and controls. Vascular risk factors are postulated to play a key role in the pathogenesis of both LLD and MCI, with cerebrovascular disease shown to predispose, precipitate and perpetuate both conditions. 7, 32 However, recent epidemiological studies suggest that the association between MCI and depressive symptoms is not attributable solely to vascular disease or risk. [33] [34] [35] Alternatively this association may, at least in part, be linked to underlying Alzheimer pathology. It has been postulated that LLD, MCI and dementia lie on a continuum; neuropathic burden in the form of β-amyloid deposition or tau pathology, in combination with depressed mood leads to a reduction in cognitive reserve and the subsequent manifestation of MCI. 7 Thus, depression without clinically significant cognitive impairment may be a harbinger of a neurodegenerative disease and/or depression may unmask the clinical manifestations of MCI in individuals with limited cognitive reserve. 7 A previous study examining white matter connectivity in patients with R-LLD showed similar global reductions compared with patients with aMCI. 31 However, our study found no significant difference between the MCI and MCI-MD groups. As such, the findings of our study indicate that common changes to white matter microstructure underlie MCI regardless of depression history and do not support a continuum theory. Conversely, MD may be linked etiologically to neurodegeneration and the development of MCI and dementia. It has been postulated that MD could lead to hippocampal damage through a glucocorticoid cascade. 3, 4, 7 In this pathway, activation of the hypothalamic-pituitary-adrenal (HPA) axis and excess glucocorticoid production damages the hippocampus and results in a downregulation of glucocorticoid receptors. 4, 7 This impairs negative feedback to the HPA axis and results in chronic elevation of glucocorticoid levels. In individuals who accumulate Alzheimer disease neuropathology, this hippocampal damage may reduce cognitive reserve and result in the expression of MCI earlier than would otherwise be the case, thus increasing the likelihood of dementia progression. 7 Alternatively it has been suggested that chronic inflammation may play a central role in the pathophysiology of MD and dementia. Increased levels of cytokines associated with MD may lead to a decrease in anti-inflammatory regulation and an increase in proinflammatory changes in the central nervous system. 3, 4, 36 These proinflammatory cytokines may then interfere with serotonin metabolism and reduce synaptic plasticity and hippocampal neurogenesis. While we are unable to ascertain if any of these potential pathways contribute to the white matter microstructure change observed in this sample, these avenues warrant further evaluation.
Irrespective of the pathophysiological mechanisms that may account for the increased risk of dementia posed by a history of MD, it is important to emphasize that this study found no significant difference in white matter pathology when compared with patients with MCI only. By contrast, recent research has shown that depressive symptoms and/or LLD result in significant regional differences in grey matter volume in patients with aMCI. Differences in frontal, parietal and temporal grey matter volume have been demonstrated using datadriven analysis techniques, 37, 38 and longitudinal tracking indicates that depressive symptoms in patients with aMCI are predictive of a greater rate of grey matter atrophy. 37 The examination of grey matter microstructure was beyond the scope of this study; however, future research examining the relationship between grey and white matter microstructure in patients with MCI with and without MD is now indicated. Examination of grey and white matter differences between patients with MCI-MD and those with LLD may further elucidate the structural changes underlying MCI and allow us to better identify those at risk for progression to dementia.
Limitations
This study provides important insights into the white matter pathology underlying cognitive decline in older adults; however, it is not without limitations. This study was crosssectional in design, which has not allowed follow-up of patients to determine disease trajectory. In addition, a proportion of patients reported antidepressant use. The specific effects of antidepressant medication on white matter microstructure are unclear; however, an animal study indicates they may prevent oligodendrocyte and myelin loss. 39 As such, antidepressant medications may mediate changes to FA in patients with MCI-MD. Furthermore, the sample included both men and women with a broad age range. Further research investigating the effect of these variables on FA in this cohort is now indicated. This study would have also benefited from the inclusion of a patient group with only MD to contrast the MCI-MD findings. Previous findings have shown that R-LLD is associated with similar regional deficits in white matter connectivity as aMCI, 31 and further investigation of MD without MCI as a risk factor for dementia is warranted. Finally, this sample of patients with MCI was rather heterogen eous, as it incorporated an admixture of both aMCI and naMCI subtypes, as well as EoD and LoD subtypes. Thus, it is not easily compared with studies including homogeneous groups, such as those with aMCI. However, our study strengthens previous findings by showing that these changes to white matter microstructure are present in more diverse patient cohorts. Previous DTI analyses in MCI samples have focused predominantly on patients with aMCI, as research indicates that these patients are the most likely to progress to Alzheimer disease. 1, 6 However, vascular dementia is typically associated with impairments that do not include the memory domain, 32 and as such, the inclusion of patients with naMCI as well as those with aMCI in this study, particularly in the MCI-MD subgroups, allows us to examine those at risk for both Alzheimer disease and vascular dementia. In addition, most DTI research on depression has been conducted in patients with LoD who are currently depressed. Our findings show that in patients with MCI, the white matter microstructure compromise associated with LLD is also present in the remitted state. Although FA did not differ significantly between aMCI and naMCI subgroups in our study, future research using TBSS is now needed to examine FA in large cohorts of patients with aMCI and naMCI and with LoD and EoD.
Conclusion
To our knowledge, our study is the first to compare white matter microstructure in patients with MCI with and without a history of MD and suggests that while the phenotypes may differ according to depressive history, common underlying structural white matter change may underpin cognitive impairment. Further research is now required to delineate the pathophysiological mechanisms that underlie the white matter pathology identified in this study and to determine whether white matter microstructural change is a marker of illness trajectory. Finally, this study suggests that regardless of phenotype, early intervention strategies for dementia must incorporate older people with mood and/or cognitive problems if the underlying shared mechanisms to neurodegenerative disease are to be targeted. 40 
